We report results for the ground-state energy and structural properties of small 4 He- having high probability of being in a classically forbidden region.
I. INTRODUCTION
There are many similarities between spin-polarized tritium (T↓) and 4 He atoms. Both are bosons, have a small mass and a weakly attractive interaction potential at large distances.
Just like 4 He, bulk T↓ remains liquid in the limit of zero temperature and zero pressure.
In 1976, Stwaley and Nosanow suggested that T↓ should behave very much like liquid 4 He and therefore constitute a second example of bosonic superfluid. 1 Many similarities between the two systems have been confirmed by recent quantum Monte Carlo 2 results. For instance, bulk T↓ is a superfluid at zero temperature, with a condensate fraction n 0 =0.129 (3) at the equilibrium density. Miller examined the bulk 4 He-T↓ system as an example of binary mixtures using a variational ansatz and found that it prefers to be completely phaseseparated.
3 4 He clusters have been extensively studied, both theoretically and experimentally, exhibiting nanoscopic superfluidity. Due to the similarities between 4 He and T↓, a similar behavior of spin-polarized tritium clusters is expected. So far, T↓ clusters have been investigated only theoretically. Small clusters of T↓ were for the first time studied by Blume et al. 4 . The smallest bound T↓ cluster is the trimer, showing characteristics of a Borromean or halo state. 5, 6 Its tiny binding energy of only around 4 mK has been later confirmed by other authors 7, 8 . The extension of the study to larger clusters 9 confirmed that T↓ clusters are much more weakly bound and diffuse than the 4 He clusters with the same number of atoms. The stability of mixed clusters of T↓ 8, 10 with spin-polarized hydrogen (H↓) and spin-polarized deuterium (D↓), in particular small ones, has also been investigated. For the clusters with D↓ the stability limits depend on the number of D↓ atoms and the occupation of its nuclear spin states. On the other hand, due to the small mass of H↓, it has been shown that even 60 T↓ atoms are not enough to bind one H↓ atom.
Mixed
4 He-T↓ clusters have not been studied yet. T↓ has almost the same mass as 3 He, but it is a boson, so it will exhibit different physical properties. Because of the small mass of both 4 He and T↓ and weak attractive parts of the interaction potentials it is expected that the smallest clusters could be extremely weakly bound. model. The comparison of these different potentials is presented in Figure 1 . The strongest MFmod potential has a core diameter of σ = 3.10Å and a minimum of −7.14 K at a distance 3.52Å. The MF potential would be the same in the scale of the figure because the only differences are in the repulsive part. The DWW interaction has a core diameter of σ = 3.18Å and a minimum of −6.53 K at a distance 3.60Å, while the weakest TWW potential has a core diameter of σ = 3.31Å and a minimum of −5.34 K at a distance 3.72Å.
In Fig. 1 the 4 He-4 He and T↓-T↓ interaction potentials have been included for comparison as well. Of all the interaction potentials, the T↓-T↓ one has the largest core and the most attractive long-range part.
B. Diffusion Monte Carlo method
The ground-state properties of the clusters have been studied using the DMC method, whose starting point is the many-body Schrödinger equation written in imaginary time,
where E r is a constant acting as a reference energy and R ≡ (r 1 , . . . , r N ) collectively denotes particle positions.
The N-particle Hamiltonian H for the cluster
where V HeHe (r), V HeT (r) and V T T (r) are the interaction potentials between the different components of the mixture.
In DMC, the Schrödinger equation (1) is solved stochastically by multiplying Ψ(R, t) with ψ(R), a trial wave function used for importance sampling, and rewriting Eq. (1) in terms of the mixed distribution Φ(R, t) = Ψ(R, t)ψ(R). Within the Monte Carlo framework, Φ(R, t) is represented by a set of walkers R i . In the limit t → ∞, only the lowest energy eigenfunction, not orthogonal to ψ(R), survives and then the sampling of the ground state is effectively achieved. Apart from statistical uncertainties, the energy of a N-body bosonic system is exactly calculated.
In the present simulations, the trial wave function has been written as a product of Jastrow two-body correlation functions between all the pairs,
where f HeHe describes two-body correlations between helium atoms, f T T describes two-body correlations between spin-polarized tritium atoms and f HeT accounts for the 4 He-T↓ pairs.
Different types of two-body correlation function f (r) have been tested, 
The optimization of the 4 He-T↓ correlations has been the most demanding: it has been done for several potentials and forms of trial wave functions. First, for the DWW potential, 
III. RESULTS
Ground-state energies of all the studied clusters for two types of 4 He-T↓ interaction potentials are presented in Table I . Energy in absolute value as a function of the number of 4 He and T↓ atoms is presented in Fig. 2 for the DWW interaction potential. In addition, calculations which have been made for several selected clusters with other types of potentials are presented in Table II .
As shown in Table I Moreover, in the course of the simulation, particles were going more and more away from each other. This case can be compared with the 4 He 3 He 2 cluster which has basically the same mass, but interacts with a stronger potential and is likewise not bound.
49
All the other studied mixed clusters with up to four T↓ and eight 4 He atoms are bound.
In absolute value, the energy grows with the addition of both 4 He and T↓ atoms, but it takes about two T↓ atoms to achieve the same increase in binding as with the addition of one 4 He atom, as can be seen in tics. The interaction potential between two helium atoms is the same for all combinations of isotopes and is stronger than both the 4 He-T↓ and T↓-T↓ one. 4 He n 3 He m show tendency to be more strongly bound than 4 He n (T↓) m , for increasing n, as can be seen in Fig. 4 In addition to energy, the structure has also been determined by calculating with pure estimators the distribution of particles to the centre of mass of the system ρ(r) and the distribution of the separations between particles P (r). These functions have been normalized as ρ(r)d (1) A /14.3(4)Å for T↓. Thus, both energetically and from the structure analysis 4 He 2 T↓ is predicted to be one of the most weakly bound three-atomic clusters.
The differences between the distribution functions for the DWW and MFmod interaction 52. For N = 3 there is still appreciable probability for T↓ to be close to the centre of mass, while for N = 8 this probability is already very low, with < r cm >= 7.33(1)Å and root-mean-square deviation ∆r cm = < r 2 cm > − < r cm > 2 of 2.2Å. For larger clusters, it is expected that T↓ will be completely pushed to the surface forming the so-called Andreev Having determined the average squared interparticle separations in DMC by pure estimators, it is interesting to investigate if any of the smallest clusters would fit the definition of the quantum halo state. For three-body systems a useful definition has been given in Ref.
27. Quantum halos should obey the condition ρ 2 /ρ 2 o > 2, where ρ is the average radial coordinate and ρ 0 a scaling parameter, defined as
In the previous equation, m is the arbitrary mass unit, m i is the mass of atom i, M is the total mass and R ik is the two-body scaling length of system i and k. For two-body systems R ik can be easily determined as a classical turning point, from E = V (r). In order to make a rough qualitative prediction we here assume that on average each pair contributes with the same amount to the total binding energy. 32 and 2 .04, respectively. This approach is qualitative, but it confirms the extremely weak structure of these systems and motivates their further investigation.
IV. CONCLUSIONS
The ground state of small mixed clusters composed of helium and spin-polarized tritium has been investigated by quantum Monte Carlo simulations. Significant differences in binding energies are obtained for different 4 He-T↓ interaction potentials, especially for the smallest clusters. Nevertheless, the conclusions concerning stability limits are insensitive to these differences, except for the trimer. The mixed dimer does not exist, and the only bound mixed trimer is the 4 He 2 T↓ one. The latter result is obtained for several 4 He-T↓ interaction potentials. However, in the case of the weakest potential (TWW) the cluster 4 He 2 T↓ is at threshold of separating into a dimer and a free particle and its stability could not be determined with certainty. Due to its large size, this cluster has most of the probability outside the classically allowed regions of space, classifying it as a quantum halo state. 
